Phase selection controlled by sodium ions in the synthesis of FAU/LTA composite zeolite O] increases from 0.024 to 0.168, the product gradually changes from pure FAU to pure LTA via the formation of FAU/LTA composite with increasing LTA fraction. Interestingly, the induction periods of FAU and LTA in the FAU/LTA composite zeolite ([Na 2 O] is 0.072) are both 13 h, quite different from the induction periods of their individual pure phases-45 h for FAU and 4 h for LTA. During the crystallization, the LTA/(FAU + LTA) fraction in the composite zeolite decreases in a nearly linear fashion. Scanning electron microscopy, thermogravimetry and differential thermal analysis indicate some difference between the properties of the FAU/LTA composite zeolite and of the mechanical mixture.
Introduction
Zeolites have been widely used as catalysts, adsorbents and ion-exchangers [1] in virtue of their complicated and unique porous structures and special acid-basic properties. Since the discovery of natural zeolites in 1756, many studies have been made on the formation, application as well as adsorption mechanisms [2] of these microporous materials, although the mechanisms of zeolite synthesis have not been fully elucidated yet due to the complexity of their formation.
Zeolite faujasite (FAU) and Linde type A (LTA) are two of the most important zeolites because of their extensive commercial applications. From the perspective of framework structure, both FAU and LTA zeolites are stacked up by sodalite cages. For FAU zeolite, sodalite cages are linked together by double six-membered rings and form large cavities called supercages. Whereas for LTA zeolite, sodalite cages are linked together by double four-membered rings and form α cage. These two kinds of zeolites can be synthesized from Na 2 O-Al 2 O 3 -SiO 2 -H 2 O systems using tetramethylammonium cation (TMA + ) as structure-directing agent [3] [4] [5] . Previous study has demonstrated that TMA + , almost the same size with sodalite cage, can induce the formation of some porous structures or secondary building units of the zeolite [6, 7] , and only one TMA + cation could be located in one sodalite cage [4, 8] . Some inorganic ions, such as small alkali metal ions (Na + and Li + ), are hydrated in the synthesis solution. They can hold water molecules as a network [9] and also have a structure-directing effect. It has been known that the crystallization of FAU and LTA is sensitive to synthesis parameters, such as Na + concentration, Si/Al ratio, and aging time. Usually, small variation of these parameters could change the composition of the products [10] .
Recently, composite zeolites have become important. Some composite zeolite, such as β/MCM-41 [11] , ZSM-5/Y [12, 13] and MAZ/ZSM-5 [14] have been reported exhibiting obvious synergic effect in catalysis. FAU/LTA was observed by Mintova and Valtchev [10] in their early synthesis of FAU nanozeolite. Utilizing this composite zeolite, Okubo and co-workers [4] roughly studied some synthesis parameters affecting the FAU/LTA yield, and particularly investigated the local environments of TMA + in as-synthesized FAU and LTA zeolites. Navrotsky and co-workers [15] revealed the interplay of kinetic and thermodynamic factors, governing the competition in formation of FAU and LTA, via in situ calorimetry.
Obviously, Na + ions play an important role in the formation of FAU and LTA zeolites, however, there is a lack of research on this aspect. In the present contribution, we study the effect of inorganic and organic ions (Na + , OH − and TMA + ) in the synthesis system of Na 2 O-Al 2 O 3 -SiO 2 -(TMA) 2 O-H 2 O on the formation of FAU, LTA and FAU/LTA zeolites under the same reaction conditions, Si/Al ratio, aging time and heating temperature. Based on these achievements, the crystallization of the FAU/LTA composite zeolite can be controlled to obtain either FAU or LTA or FAU/LTA composite with various LTA/(LTA + FAU) fractions by adjusting the Na + concentration in the initial solution. The products were characterized by scanning electron microscopy (SEM), x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and differential thermal analysis (DTA). • C for some time after aging for 3 days at room temperature with vigorous stirring. All samples were recovered and washed with deionized water in a centrifuge at 5000 rpm for 30 min, until the pH value of the lotion became less than 9, and dried in an oven at 90
Experimental details
• C for 24 h.
Characterization
Powder XRD (PANalytical X'pert PRO diffractometer using CuKα radiation, 40 kV, 40 mA) was used to determine sample phase and crystallinity. LTA/(LTA + FAU) weight percents of the final product were determined by working curves made from XRD patterns of pure FAU and LTA mixtures via external standard method, for which the (622) peak of LTA and (620) peak of FAU were selected [16] . SEM (FEI Quanta 200FEG) was used to observe the crystal morphology and size. FTIR spectra were recorded with Bruker Equinox 55 spectrometer at 4 cm −1 resolution. The samples were prepared by mixing a small amount of zeolite (2 wt.%) with dried KBr and pressing into 13 mm diameter circular wafers (21 mg). TGA (PerkinElmer Pyris 1 TGA) and DTA (PerkinElmer DTA 7) were used to observe the decomposition of TMA + within the zeolite. The sample was heated at a rate of 10
• C min −1 under air flow. • C. This demonstrates the important role of Na + in promoting the formation of zeolite crystals. The effect of Na + on the composition of the products has been investigated for crystallization at temperature of 115
Results and discussion
• C for 90 h using three groups of initial compositions listed table 1; NaOH or NaBr provided Na + ions. Because the variation of Na + concentration is rather small, fumed silica without sodium is used as the silica source to control Na + concentration accurately. For these three groups of experiments, the Na + concentration in the initial solution is increased gradually, while the concentration of TMA + or OH − changes in a different way. For the group 1, TMA + concentration is decreased appreciably to keep OH − concentration constant. For the group 2, the OH − concentration increases with Na + concentration to keep TMA + concentration unchanged. For the group 3, both OH − and TMA + concentrations are kept constant by utilizing NaBr as the source of Na + . Figure 1 shows the variety of phase compositions of the products as a function of Na + concentration. Firstly, the effects of Na + concentration on the phase composition of the products with these three groups of initial solutions are quite similar. When Na 2 O concentration [Na 2 O] in the synthesis solution increases from 0.024 to 0.168, more and more LTA in the FAU/LTA composite is formed. Accordingly [17] . Based on the claim of Melchior et al [18] , the immediate precursor to the FAU lattice is the hexagonal prism tertiary building unit, and the secondary building unit is the four-membered ring and six-membered ring. For LTA lattice, double four-membered ring is tertiary building unit, and four-membered ring and six-membered ring also are secondary building units. Our results suggest that Na + not only has directing effect besides TMA + , but the directing effect varies with Na + concentration, the synergistic effect of TMA + and Na + induces the formation and phase selection for the FAU and LTA. When Na + concentration is relatively low, double six-membered rings-the tertiary building unit for FAU phase-are formed during the aging and induction, by which the sodalite cages are bounded together to form FAU lattice in the subsequent crystallization. With the increase of Na + concentration, double four-membered rings are formed beside double six-membered rings [19] [20] [21] ; as a result, FAU/LTA composite is synthesized. However, when the Na + concentration is large enough, only double four-membered rings are formed, and thus pure LTA is produced. Figure 2 shows the mass yields of the products obtained from initial solution of group 2 (from 40 g initial solution). The total solid yield of FAU/LTA composite increases linearly with the Na + concentration. However, the mass of the LTA phase increases slowly when [Na 2 determines by what manner (double four-membered ring or double six-membered ring) and how many sodalite cages are connected together.
Crystallization of FAU, LTA and FAU/LTA composite zeolite
To explore the effect of Na + concentration on the formation process of the zeolite, the crystallization of FAU, LTA and FAU/LTA zeolites has been studied under the initial feed compositions of runs 7, 9 and 12 (see table 1), respectively. The crystallization curves are presented in figure 3 . For run 7, the pure crystalline phase of FAU emerges at 45 h, and its crystallinity rapidly increases to 100% at 76 h (curve A in figure 3 ). For run 12, the pure crystalline phase of LTA begins to form as early as at 4 h, and its crystallinity increases to 100% at 21 h (curve B in figure 3 ). For run 9, the product is FAU/LTA composite zeolite, in which both FAU 1200 1100 1000 900 800 700 600 500 400 300 (curve D) and LTA (curve E) phases appear simultaneously at about 13 h. The crystallinity of LTA increases to the maximum of 37% at 31 h, and it remains almost unchanged when the crystallization time is further prolonged from 31 h to 53 h. The crystallinity of FAU increases rapidly to 43% at 37 h, then increases slowly to ∼ 46% at 53 h. In other words, the crystallinity of LTA reaches its equilibrium value earlier than FAU in the crystallization of FAU/LTA composite zeolites that influences the composition of the product. The total crystallinity of the FAU/LTA composite zeolites (curve C) is only 80% at 53 h, which is attributed to their smaller crystal size compared with pure FAU or pure LTA (as confirmed by SEM photos below). From the crystallization curves of FAU and LTA as well as FAU/LTA composite zeolites (figure 3), it can be found that the induction period of FAU zeolite is much longer than that of LTA zeolite at the same crystallization temperature under the feasible conditions for the formation of their individual pure phases. This is possibly derived from the great host-guest stabilization effect of FAU that has a larger pore volume than LTA [17, 22, 23] . However, the induction periods of FAU and LTA are almost the same in the FAU/LTA composite zeolites (figure 3), which indicates that there are interactions between FAU and LTA phases in the formation of FAU/LTA composite zeolite. In the synthesis solution of FAU/LTA composite zeolite, the Na + concentration exceeds the value which is suitable to obtain pure FAU, and additional Na + would cause the formation of some double four-membered rings. However, this amount of double four-membered ring is much smaller than needed for growing pure LTA, so the crystallization of LTA is delayed. On the other hand, the formation of this small amount of double four-membered ring possibly creates an appropriate microenvironment to promote the formation of double six-membered ring, and the crystallization of FAU phase is thus accelerated. As a result, the induction periods of FAU and LTA in the FAU/LTA composite zeolite are the same (13 h).
The products, synthesized in run 9 for various durations, were studied by FTIR transmittance as shown in figure 4. with the formation of crystalloid due to the incorporation of alumina tetrahedron into the zeolite framework [24] . Before the crystal phase can be detected by XRD, the vibration peak of six-membered ring (418 cm −1 ) appears firstly, and then the emergence of crystal phase is characterized by the double ring external linkage peak (573 cm −1 ), internal linkage symmetrical stretching peak (690 cm −1 ), external tetrahedral symmetrical stretching peak (780 cm −1 ) and internal tetrahedral asymmetrical stretching peak (1033 cm −1 ) [25] . The peaks change suddenly from 14 to 16 h. During these 2 h, the internal tetrahedral asymmetrical stretching peak (1105 cm −1 ) and the internal tetrahedral symmetrical stretching peak (808 cm −1 ), both induced by fumed silica, weaken or disappear. However, the peaks at 573 and 1033 cm −1 of zeolite crystal grow rapidly. It means that the formation of the zeolite crystal happens very quickly in the synthesis solution.
Among the characteristic peaks described above, changes of the samples described by FTIR transmittance correspond well to the crystallization curve of FAU/LTA composite shown in figure 3 . The six-membered rings, as secondary building unit of the zeolite, are formed during the induction period, while the double ring structure, tertiary building unit of the zeolite, is formed afterwards. Along with the formation of double ring structure, the zeolite crystalline phase is thus formed as detected by XRD, so the double ring structure may be the key to directly induce the formation of the zeolite crystalline phase. Figure 5 shows the solid weight of the products and the LTA/(FAU + LTA) percent of the FAU/LTA composite zeolite synthesized in run 9, for various durations, from 24.5 g of initial solution. Extending of the crystallization time on stream decreases the weight of the solid obtained from the synthesis solution from 0.81 g to nearly zero during the first 10 h. The solution color changes from white to transparent correspondingly. It means that the silica and alumina source dissolve gradually to form a transparent solution during the induction period, and XRD shows that these solid substances are amorphous. From 10 to 25 h, the solid weight increases from 0 to 0.17 g quickly, and the synthesis solution becomes white again. During this period, the amorphous phase decreases gradually, accompanying the appearance of the FAU/LTA composite zeolite with the increase of the crystallization time, and it does not disappear until 25 h. When the crystallization time is prolonged to 90 h, 0.21 g of the product is synthesized. From the above results, we can conclude that the formation of the FAU/LTA composite zeolite follows the liquid phase crystallizing mechanism [26] .
As for the phase composition of the product during the crystallization, figure 5 shows that the LTA/(FAU + LTA) fraction declines linearly from 53% at 16 h to 37% at 90 h. In the later period (40-90 h) of the crystallization, the LTA/(FAU + LTA) fraction drops 8%, although the solid weight increases only by 0.02 g. This may be due to the different crystallization rates of FAU and LTA. As mentioned in the discussion of crystallization of FAU/LTA, much more FAU is formed than LTA during that period. Figure 6 shows the SEM images of the pure FAU, FAU/LTA composite and pure LTA, which are synthesized at 115
Characterization of the FAU, LTA and FAU/LTA composite zeolite
• C under the initial composition of runs 7, 9 and 12, respectively. All the samples have well-defined shape without intergranular amorphous substance. The pure FAU synthesized for 76 h ( figure 6(a-1) ) has typical octahedral shape with particle size of about 100 nm, and its morphology is unchanged as the crystallization extended to 90 h ( figure 6(a-2) ). However, the particle size of pure LTA with typical cubic shape grows from ∼300 nm at 21 h ( figure 6(c-1) ) to ∼600 nm at 90 h ( figure 6(c-2) ). With regards to the particle sizes, the FAU and LTA in the composite zeolite ( figure 6(b-1) ) are approximately twice smaller than each pure phase, and their morphology changes little when the crystallization extends to 90 h ( figure 6(b-2) ). Some interaction, restricting the zeolitic crystals from augmenting, may occur between FAU and LTA phase during the formation of FAU/LTA composite.
To investigate the amount of TMA + ions enclosed in the zeolite, the results of TGA and DTA analyses for pure FAU, pure LTA, the FAU/LTA composite with 37% of LTA and the FAU-LTA mechanical mixture with 37% LTA are shown in figure 7 . The exothermic peaks appearing at 341 and 480
• C for pure FAU ( figure 7(a) ) can be attributed to combustion of TMA + located in supercage and sodalite cage, respectively. Also the exothermic peaks located at 360 and 449
• C for LTA ( figure 7(b) ) belong to the oxidative decomposition of TMA + in α cage and sodalite cage [4] , respectively. For comparison, the DTA and TGA curves of the FAU/LTA composite zeolite and the mechanical mixture are presented together in figures 7(c) and (d), respectively. As expected, two exothermic peaks appear for both the FAU/LTA composite zeolite and the mechanical mixture in the DTA curves. The first peak at 
354
• C for the composite is caused by combustion of TMA + located in supercage (FAU) and α cage (LTA), another peak at 465
• C results from the combustion of TMA + located in sodalite cages of FAU and LTA. Whereas for the DTA curve of the mechanical mixture, two exothermic peaks were located at 358 and 480
• C, respectively, with the same attribution as in the FAU/LTA composite. The decomposition peaks of TMA + inside the FAU/LTA composite shift to lower temperatures compared with those of the mechanical mixture. Similar phenomena have been observed for MCM-41/β composite zeolite [10] . From TGA results for the samples mentioned above (table 2), the total weight loss due to the combustion of TMA + for both the FAU/LTA composite and FAU-LTA mechanical mixture are calculated, and showed almost same results. In addition, both the LTA/(FAU + LTA) percent of the composite and the mechanical mixture, calculated from the total TGA weight loss of pure FAU and pure LTA, agree with XRD results.
Conclusions
Pure FAU, LTA as well as FAU/LTA composite zeolite can be synthesized in the system of Al 2 O 3 -SiO 2 -Na 2 O-H 2 O using TMA + as structure-directing agent. The Na + concentration in the initial solution is a crucial factor that determines the phase composition of the product. Based on the present achievements, pure FAU, pure LTA as well as FAU/LTA composite with various LTA/(LTA + FAU) weight percents can be selectively synthesized by adjusting the Na + concentration in the initial solution. The crystallizing process of FAU/LTA composite zeolite is quite different from that of pure FAU or LTA.
